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Abstract
The reinforcing effects of addictive drugs including methamphetamine (METH)
involve the midbrain ventral tegmental area (VTA). VTA is primary source of
dopamine (DA) to the nucleus accumbens (NAc) and the ventral hippocam-
pus (VHC). These three brain regions are functionally connected through the
hippocampal-VTA loop that includes two main neural pathways: the bottom-up
pathway and the top-down pathway. In this paper, we take the view that addiction
is a learning process. Therefore, we tested the involvement of the hippocampus in
reinforcement learning by studying conditioned place preference (CPP) learning
by sequentially conditioning each of the three nuclei in either the bottom-up order
of conditioning; VTA, then VHC, ﬁnally NAc, or the top-down order; VHC, then
VTA,ﬁnallyNAc.Followinghabituation,theratsunderwentexperimentalmodules
consisting of two conditioning trials each followed by immediate testing (test 1 and
test 2) and two additional tests 24 h (test 3) and/or 1 week following conditioning
(test 4). The module was repeated three times for each nucleus. The results showed
that METH, but not Ringer’s, produced positive CPP following conditioning each
brainareainthebottom-uporder.Inthetop-downorder,METH,butnotRinger’s,
produced either an aversive CPP or no learning effect following conditioning each
nucleus of interest. In addition, METH place aversion was antagonized by coad-
ministration of the N-methyl-d-aspartate (NMDA) receptor antagonist MK801,
suggesting that the aversion learning was an NMDA receptor activation-dependent
process. We conclude that the hippocampus is a critical structure in the reward cir-
cuit and hence suggest that the development of target-speciﬁc therapeutics for the
control of addiction emphasizes on the hippocampus-VTA top-down connection.
Introduction
Methamphetamine (METH) is one of the most abused psy-
chostimulants in the United States (NIDA report 2006). This
nationwide increase in the abuse of METH is believed to
be due to its effects on reinforcement learning. The theory
of reinforcement learning explains that reward is a stimulus
toward which the organism increases the probability of re-
sponse following the repeated occurrence of the reward and
environmental cues paired with it, whereas aversive stimulus
decreases the probability of response (Cannon and Palmiter
2003; Rossato et al. 2009). In mammals, including rodents,
the rewarding effects of a stimulus can be studied using sev-
eral behavioral models such as conditioned place preference
(CPP) is commonly used to study Pavlovian classical condi-
tioning. Interestingly, CPP is thought to be encoded through
the induction of synaptic plasticity including long-term po-
tentiation (LTP) and long-term depression (LTD) (Adamec
2001;Bannermanetal.2008).Thus,researchesintheﬁeldof
addiction argue that repeated exposure to psychostimulants
such as METH results in the long-term alterations of synap-
tic plasticityinbrainareasthatare involvedin reinforcement
learning and reward processing (Kauer and Malenka 2007;
Brown et al. 2008).
At cellular level, METH binds to dopamine (DA) trans-
porters, which leads to enhanced DA release through these
transporters and thereby increases extracellular levels of DA
at cortical and subcortical targets of the ventral tegmental
area(VTA).Behavioralelectrophysiologicalinvestigationsar-
gue that the VTA is responsible for encoding of information
128 c   2012 The Authors. Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License which permits use, distribution and reproduction in any medium, provided
the original work is properly cited and is not used for commercial purposes.Keleta & Martinez Brain Areas of Place Reinforcement Learning
relevant to the acquisition phases of positive reinforcement
learning (reward) and aversion (Carter and Fibiger 1977).
Both the nucleus accumbens (NAc) and the hippocampus
receive DAergic innervation from the VTA (Gasbarri et al.
1994, Gasbarri et al. 1997). Functionally, this triad network
of these three limbic regions together with the accompanied
neurotransmitters and neuromodulators is important not
only for enhancing spatial and episodic memories (Broad-
bent et al. 2004; Ryan et al. 2010), but also for encoding
the entry of novel information to the central nervous system
(CNS; Jenkins et al. 2004; Lisman and Grace 2005; Lee et al.
2005). Hence, processing of sensory information, whether it
is rewarding or aversive hypothetically requires the detection
of stimulus novelty or familiarity through the synchronous
connectivity of the hippocampus (especially the ventral hip-
pocampus, VHC) and the VTA.
There are two major pathways (routes) in the
hippocampus-VTA loop; the top-down route and the
bottom-up route (Lisman and Grace 2005). In the top-down
routeofthehippocampus-VTAloop,hippocampusindirectly
projecting to the VTA, glutamate-releasing pyramidal neu-
rons of the hippocampus (GLUergic neurons) innervate the
median spiny neurons of the NAc (Lisman and Grace 2005).
Neurons in NAc then send inhibitory GABAergic tone to the
ventral Pallidium neurons, which in turn route inhibitory
GABAergic tone onto VTA DA neurons (Frankle et al. 2006)
(Lisman and Grace 2005). Alterations in the ﬁring pattern
of VTA DA neurons relays modulatory information back to
the hippocampus, which deﬁnes one complete loop (Lisman
and Grace 2005). Consequently, in the bottom-up route of
thisloop,VTADAneuronsdirectlyinnervatepyramidalneu-
ronsofthehippocampusandpresumablymediateappetitive
and motivational behaviors (Lisman and Grace 2005). Nev-
ertheless, the role of the loop as a whole on reward-related
learningprocessremainsunknown.Wehypothesizedthatthe
hippocampus-VTA loop bottom-up pathway could be the
route of information ﬂow via which the positive reinforce-
ment properties of psychostimulants are mediated, whereas
the top-down pathway attenuates the positive reinforcement
propertiesofpsychostimulantspotentiallybyensuingcircuit-
dependent disruptions of place learning. Disruptions in the
circuit would hypothetically result in aversive behaviors that
are associated with the intake of psychostimulants. Here, we
show that the bottom-up pathway of the hippocampus-VTA
loop mediates positive place reinforcement learning whereas
the top-down pathway attenuates place learning via cellular
mechanism that involves NMDA receptors.
Material and Methods
Subjects
Male Sprague-Dawley rats (325–349 g body weight upon ar-
rival,HarlanLaboratories;N =80)werehousedtwopercage
until surgery. Immediately after surgery and throughout the
endoftheexperiments,theratswerekeptindividually.Their
home cage room was maintained at constant temperature,
12-h light/dark cycle with food and water provided ad li-
bitum. Prior to the start of any experiment, the rats were
handled and acclimatized to a separate behavioral room by
keeping them in the behavioral room for 2 h per day, for ﬁve
consecutive days. All experimental protocols were approved
in advance by the Institutional Animal Care and Use Com-
mittee and were conducted in accordance with the National
InstitutesofHealthGuidefortheCareandU seofLaboratory
Animals.
Surgeries and postoperative care
Beforethestartofallsurgicalprocedures,Isoﬂuranegasanes-
thesia (Leica Microsystems Inc., Buffalo Grove, IL) was ad-
ministered at full concentration (5%) and oxygen was ad-
ministered at a 1.5 ﬂow rate for a 5–7 min period through
a Plexiglas chamber. Subjects received injections of rimadyl
as an analgesic (rimadyl, 5 mg/kg, s.c.; Pﬁzer Animal Health,
NewYork,NY)andbaytrilasanantibiotic(baytril,2.5mg/kg,
i.p.; Bayer Animal Health, Pittsburgh, PA). Prior to mount-
ing the subjects on a stereotaxic apparatus, the experimenter
clipped hairs from the surgical sites, washed areas of incision
atleastthreetimesbyalternatingbetadinescrub,ethanol,and
sterile water, and ﬁnally with iodine solution. The rats were
then placed in a stereotaxic apparatus and the skin above
the skull was incised. One (for VTA only) or three (VTA,
VHC, NAc) small burr holes (3-mm diameter) were drilled
above the skull for cannulae placement. Three sterile plastic
guidecannulaeachcontainingasterilestainlesssteeldummy
(CMA/Microdialysis, Acton, MA) were aimed at the right
hemisphere of each brain area of interest as follows (dimen-
sions in mm): (a) VHC: A/P −4.0, M/L +3.5, D/V −6.0;
(b) the VTA: A/P −5.2, M/L +0.8, D/V −6; and (c) the NAc:
A/P +1.5, M/L +2.5, D/V −6.0 (Paxinos and Watson, 1998).
The guides were slowly lowered to target nuclei via the holes
and ﬁnally secured to the skull using bone screws and dental
acryliccement.Duringthepostoperativecareandtreatment,
rats were given once daily injections of rimadyl as analgesic
(5 mg/kg s.c.) and baytril as antibiotics (2.5 mg/kg i.p.) for
seven consecutive days. Occasionally and when necessary,
baytril solution was added to water bottles (0.36 mL of the
injectable form in 250-mL water bottles) for postoperative
symptoms including loss of appetite, hair discoloration, or
dehydrated skin.
Behavioral apparatus
Place conditioning: The apparatus is made of Plexiglas and
was partitioned into three chambers (Fig. S1); black (left),
gray (center), and white (right). The black and white cham-
bers were equal in size (26 × 22 × 33 cm, each), while the
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central chamber was smaller (18 × 22 × 33 cm) (Ricoy
and Martinez 2009). The entire CPP apparatus was pur-
chasedfromSanDiegoInstruments(SanDiegoInstruments,
SanDiego,CA)andhadaPhotoActivitySystemandsoftware
(PAS) that detects locomotion beam breaks and time spent
in each chamber. The black and white chambers each had
six photo beam sensors whereas the neutral central chamber
had four. Previous studies from our laboratory (Ricoy and
Martinez 2009) and our current preliminary data showed
that rats show place bias for one of the two ends of the CPP
apparatus, with most of the rats signiﬁcantly preferring the
black compared to the white chamber.
Behavioral assay
Intracranialconditionedplacepreference(IC-CPP):IC-CPP
wasused asa behavioralmodel ofplace reinforcementlearn-
ing, modiﬁed from Ricoy and Martinez, 2009 (Ricoy and
Martinez 2009). IC-CPP consisted of three main phases:
(a) preconditioning, up to 3–4 days of familiarization for es-
tablishingthebaselineplacepreference(30min/session/day);
(b) two consecutive days of conditioning (15 min/day) each
followed by immediate testing (30 min/session/day); and
(c) CPP testing 24 h and/or 1 week following conditioning
(Experimental design, Fig. 1).
Preconditioning phase
The training for habituation takes three to four consecutive
days depending on how long it takes for the rats to fulﬁll
the criteria for baseline preference. The working criteria to
achieving baseline habituation were deﬁned as follows:
(1) Average time spent (30 min/session/day) in the black
chamber (preferred) increases from day-to-day while that of
the white (nonpreferred) decreases accordingly; this means,
rats must show a trend of habituation,
(2) Average time spent in the preferred chamber should be
signiﬁcantly greater than that of the nonpreferred chamber,
(3) The data collected 24 h before the commencement of
IC-CPP experimental procedures were used as the baseline
place preference, which was the reference point to compare
the effect of the reinforcer on natural place preference. The
reinforcer was METH or METH combined with MK801.
Conditioning phase
Reverse microdialysis application of METH (15 min/
conditioning session) was used to apply the drug (Fig. 1).
The reverse dialysis technique of IC-METH-CPP was pre-
viously used in our laboratory for similar behavioral
studies (Ricoy and Martinez 2009). During conditioning,
the infusion pump was turned ON for applying the drug via
tinydiametertubes(CMAmicrodialysis,FEP-tubing,volume
1.2 μL/100 mm) at the concentration of 10 μg/μLa n dr a t e
of 2.0 μL/min for a total duration of 15 min. To be consis-
tent with our previous report (Ricoy and Martinez 2009),
the concentration used was kept constant throughout (300
μg/session)butwedidnotmeasurethedoseduetotechnical
difﬁculties. During the 15-min conditioning, the rats were
restrained within the nonpreferred chambers (against their
baselinepreference),whereastheRinger’ssubjects(controls)
wererestrainedwithinthepreferredchambers.Thesamevol-
ume, rate of ﬂow, and duration of conditioning were used
for Ringer’s groups (Ring). When the 15-min condition-
ing was completed, the microdialysis probes were carefully
taken out and the guides were plugged with dummies, rats
were then removed from the conditioning chambers, gently
placedintheneutralchambers,andsignalforSTARTsession
sent from the computer, immediately. We did not assess all
possible order of conditioning the circuit of interest (3!; six
possible orders). Rather, we focused on changing the order
of the VTA for the VHC and vice versa, and then main-
tained the order of conditioning the NAc constant (third
order).
Testing phase
Behavioral data collection for CPP is often days, weeks, and
even months apart from the actual conditioning date. How-
ever, in the current paradigm, we also tried to incorporate
those relatively immediate behavioral alterations during the
early stages (onsets) of place preference learning, before the
drug is metabolically degraded from the brain. Thus, the IC-
CPP training and testing protocol used in this project was
slightly different from methods used by Ricoy and Martinez,
2009 (Ricoy and Martinez 2009). The testing module started
immediatelyafterestablishingthebaselineplacepreferenceas
deﬁned above in “Preconditioning phase” and following the
conditioning as described in “Conditioning phase”. Testing
sessionswereasfollows:Test#1,immediatelyaftercondition-
ing #1; Test #2, immediately after conditioning #2; Test #3,
(notreatment),24hfollowingconditioning;and,Test#4,(no
treatment), a week following conditioning: Note that to test
the role of each nucleus within the hippocampus-VTA loop,
testing was repeated according to the module three times.
This means one module per brain area tested (experimental
design, Fig. 1).
Drugs
Ringer’s vehicle solution, Ring (Baxter, Deerﬁeld, IL) was
usedtomimicartiﬁcialcerebrospinalﬂuid.Ringer’swascom-
posed of (mg/mL): 6 NaCl, 3.1 Sodium lactate, 0.3 KCl, and
0.2CaCl2.Dextromethamphetaminehydrochloride(METH,
SigmaChemicalCo.,St.Louis,MO)wasdissolvedinRinger’s
at the concentration of 10 μg/μL. METH was prepared
daily. The NMDA receptor noncompetitive antagonist MK-
801 (Sigma Chemical Co., St. Louis, MO) was dissolved in
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Figure 1. Timeline and experimental design: (A to C) ﬂow chart of experimental design. All experimental rats underwent stereotaxic surgeries for
intracranial probe implantations into the desired brain areas, all rats allowed to recover, and all were trained for baseline habituation: (A) following
baseline training, the rats underwent four consecutive days of conditioning each followed by immediate testing by alternating METH with Ringer’s
(intra-VTA only). (B and C) Assessment on the hippocampus-VTA loop: rats were divided into groups immediately after establishing the baseline place
preference, (B) VTA, then VHC, ﬁnally NAc (bottom-up) order of conditioning: two conditioning days each followed by immediate testing sessions
(test 1 and test 2) and one CPP testing 24 h following conditioning (test 3). (C) VHC, then VTA, ﬁnally NAc (top-down) order of conditioning: two
conditioning days each followed by immediate testing sessions (test 1 and test 2) and two CPP testing 24 h (test 3) and 1 week (test 4) following
conditioning, performed for each brain area of interest. Also, note that the nucleus accumbens (NAc) was included in both the bottom-up and
top-down pathways, in the same order (third order), to investigate the effect of order of exposure to METH on the expression of METH-induced CPP:
VHC, ventral hippocampus; VTA, ventral tegmental area; NoCon, no conditioning; No Treat, no treatment but CPP testing performed.
freshly prepared METH solution (1:1) at a concentration
of 0.1 mM.
Histology
After the behavioral experiments were completed rats were
euthanizedusingisoﬂuoranegasanesthesia.Brainswerethen
removed immediately and preserved in methylbutane solu-
tion and stored at −80◦ in a freezer (no perfusion). Coro-
nalsections(100-μmthickness)weremountedontogelatin-
coated slides and subsequently stained with cresyl violet for
veriﬁcation of cannulae tip placements (Fig. S2).
Statistical analysis
Raw data were analyzed using one-way analysis of variance
(ANOVA) for repeated measurements to determine if the
groups differ in preferences before, during, and after con-
ditioning. When signiﬁcant main effects were detected, a
Fisher’sLSDposthoctestswereusedforpreplannedpairwise
comparisons at α = 0.05. To be consistent with our previous
report (Ricoy and Martinez 2009), we used time deviation
from baseline to represent either place preference (positive
values) or place aversion (negative values). Thus, compared
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to the baseline, a signiﬁcant increase in time deviation in
favor of the drug-paired chambers was interpreted as posi-
tiveCPPwhereasasigniﬁcantdecreaseintimedeviationwas
interpreted as place aversion.
Results
Intra-VTA reverse microdialysis application
of METH produces positive place
reinforcement learning
The VTA is functionally involved in the early stages (acquisi-
tion) of reinforcement learning. We previously reported that
intra-VTA application of METH produced positive CPP in
subjectsthatselfadministeredcocaine,intravenously(n =5;
Society for Neuroscience conference, Keleta et al., 2009). In
an extension and replication of the data, we used another set
ofratsthathadnopreviouscocaineexposure(cocainena¨ ıve).
We hypothesized that METH applied intra-VTA would pro-
ducepositiveCPPlearningeveninsubjectsthathadnoprevi-
ouscocaineexperience.Weusedan“all-in-all-out”methodof
conditioning and testing by alternating METH with Ringer’s
every other day, for four consecutive days. On the last day of
testing, all subjects were tested for CPP without any intra-
VTA treatment (Fig. 1A). Based on criteria described in “Be-
havioralAssay,”theratssatisﬁedtherequirementforbaseline
place preference (Fig. 2A). There was a signiﬁcant interac-
tion between treatment (METH, Ringer’s) and Test (test 1,
test 2) (F [4, 48] = 5.03, P < 0.005, n = 13). In agreement
with our previous ﬁndings, METH reverse dialyzed into the
VTA produced a markedly signiﬁcant positive CPP. Com-
paredtothebaseline,asingle(ﬁrsttime;METH1)intra-VTA
conditioning session signiﬁcantly increased the time devia-
tion values in favor of the drug-paired chambers (P < 0.05).
The METH1 groups, but not the Ringer’s1 groups, showed
a positive CPP toward the METH-paired chambers com-
pared to the baseline condition (P < 0.05) and compared to
the Ringer’s group (P < 0.05). On repeated exposure with
METH(METH2),however,theplaceconditioningeffectwas
not different from that of Ringer’s and that of the baseline
(Fig.2B–D).Followingthesecondconditioningsessionwith
Ringer’s (Ringer’s2), rats showed positive bias toward the
drug-paired chambers compared to that of the nonpaired
chambers (P < 0.05), suggesting that METH-seeking be-
havior or withdrawal induced METH-seeking behavior. This
later observationfurthermoresuggeststhat the noveltycom-
ponent of the reinforcer diminishes with repeated exposure
andthattheVTAprimarilyinvolvesthedetectionofthenov-
elty component of the METH. When tested 24 h following
conditioning, without intra-VTA treatment, greater amount
of time deviation values were found in the METH-paired
chambers compared to the Ringer’s-paired chambers (P <
0.05). Overall, the observed deviation in place preference in
favor of the drug-paired chambers can suggest that environ-
mentalcues(theconditionedstimulus,CS+)pairedwiththe
METH(unconditionedstimulus,US+) produce stronger ef-
fect on drug-seeking behavior even in the absence of the
reinforcer (US−).
The bottom-up pathway of the
hippocampus-VTA loop mediates positive
place reinforcement learning
AsdescribedintheIntroduction,thehippocampus-VTAloop
isimplicatedinthedetectionofnovelstimulusentryintothe
CNS (Lisman and Grace 2005). The bottom-up pathway of
this loop includes DAergic projections to the hippocampus
and other cortical brain areas (Lisman and Grace 2005). If
the novelty detection hypothesis (Lisman and Grace 2005)
works then conditioning upstream of the comparator region
should not affect novelty detection and hence should main-
tain the place reinforcing effects of METH. Consistent with
thishypothesis,ourﬁndingin“Intra-VTAreversemicrodial-
ysis application of METH produces positive place reinforce-
ment learning” suggests that stimulating the VTA produced
positive CPP potentially because stimulation did not per-
turb the novelty comparator region of the hippocampus and
h e n c et h em e m o r yo ft h ea p p e t i t i v ep r o p e r t i e so fM E T Hr e -
mained intact. We therefore hypothesized that conditioning
the bottom-up pathway of the hippocampus-VTA loop pro-
ducespositivereinforcementlearningfollowingconditioning
each of the three brain areas of interest within this loop. To
do so, we conditioned another batch of rats in the order of
VTA ﬁrst followed by the VHC, and ﬁnally the NAc (refer
Fig.1Bforexperimentaldesign).Thefollowingthreesucces-
sive experiments (“METH produced positive place learning
following conditioning the VTA,”“In rats previously trained
with intra-VTA-METH CPP, intra-VHC-METH produced
positive place reinforcement learning 24 h following con-
ditioning,” and “In rats previously trained with intra-VTA-
METH followed by intra-VHC METH, intra-NAc-METH
also produced an augmented positive place reinforcement
learning 24 h following conditioning”) assessed the role
of each of the three brain areas in METH-induced CPP
learning.
METH produced positive place learning following
conditioning the VTA
Basedoncriteriadescribedin“BehavioralAssay”,theratssat-
isﬁedtherequirementforbaselineplacepreference(Fig.3A).
The rats in each group underwent intra-VTA CPP followed
by testing. There was a signiﬁcant interaction between treat-
ments (Base [n = 11], Ringer’s [n = 7], METH [n = 10])
and Test (test 1, test 2, test 3) (F [6, 46] = 8.74, P < 0.001).
In agreement with the above experiments in part I, the ﬁrst
intra-VTA conditioning session with METH, but not with
Ringer’s, increased the time deviation values (P < 0.001).
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Figure 2. Intra-VTA METH induces positive place reinforcement learning. (A) Baseline place preference as deﬁned by the amount of time per session
prior to the commencement of IC-CPP. The rats were allowed to freely access the entire CPP runway to establish the baseline preference (base,
day 3). Three consecutive days into the training (30 min/session/day), rats showed an increasing trend of place preference toward the black chambers
(preferred) and a declining trend for the white chambers (nonpreferred). (B) The total time spent in the Ringer’s-paired (gray bars) and METH-paired
chambers (white dotted bars) following conditioning with either Ringer’s or METH, and (C) the time deviation from baseline preference, in the
Ringer’s-paired chambers (gray bars) and in the METH-paired chambers (white dotted bars) normalized to the baseline. CS+, conditioned stimulus
present; US+, unconditioned stimulus present; US−, the unconditioned stimulus, METH, absent. Hatched vertical line separates treatment days (US+,
CS+) from no treatment days (US−,C S +). Data are shown as standard error of the mean ± SEM, *0.005 < P < 0.05.
The place conditioning effects of METH were also signiﬁ-
cantly greater than the baseline condition (P < 0.05). Addi-
tionally a positive increase in the time deviation from base-
line was observed in the METH-paired chambers compared
to the Ringer’s-paired chambers (P < 0.001) (Fig. 3B–D).
When tested 24 h following conditioning, without intra-
VTA treatment, METH-treated rats, but not Ringer’s rats,
showed increased time deviation values toward the METH-
pairedchambers(P <0.005).Theplacereinforcingeffectsof
METHwasalsogreaterthanthebaselinecondition(P<0.05)
(Fig. 3E). Consistent with the previous experiment our ﬁnd-
ings showed that one intra-VTA application of METH was
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Figure 3. The bottom-up pathway of the hippocampus-VTA loop mediates positive place reinforcement learning following conditioning the VTA.
(A) Baseline place preference is deﬁned by the amount of time per session prior to the commencement of IC-CPP. Rats were allowed to freely
access the entire CPP arena to establish the baseline preference. In three consecutive days of habituation, rats showed an increasing trend of
place preference toward the black chambers and a declining trend for the white (B and C) the total amount of time spent (30 min/session/day);
(B) in the Ringer’s-paired, and (C) in the METH-paired chambers following conditioning with either Ringer’s (gray bars) or METH (white dotted bars).
(D and E) Time deviation from baseline preference: (D) in the Ringer’s-paired chambers, and (E) in the METH-paired chambers. Abbreviations: CS+,
conditioned stimulus present; US+, unconditioned stimulus present; US−, the unconditioned stimulus, METH, absent. Hatched vertical line separates
treatment days (US+,C S +) from no treatment days (US−,C S +). Data are shown as ± SEM, *0.001 < P < 0.05.
sufﬁcienttoproducepositiveCPPeffectsofMETHexpressed
at least 24 h following conditioning.
In rats previously trained with
intra-VTA-METH CPP, intra-VHC-METH
produced positive place reinforcement
learning 24 h following conditioning
After we ﬁnished our assessments on intra-VTA-METH-
induced CPP learning, the same groups of rats from “METH
produced positive place learning following conditioning the
VTA” were conditioned with either METH or Ringer’s intra-
VHC, for the ﬁrst time (refer Fig. 1B). There was a signiﬁ-
cant interaction between treatments (Base [n = 11], Ringer’s
[n = 9], METH [n = 10]) and test (Test 4, Test 5, Test 6) (F
[6,49]=3.39,P <0.01).Followingtheﬁrst-timeintra-VHC
exposure, the two groups did not statistically differ from one
another, but both groups showed signiﬁcant positive CPP
toward the drug-paired chambers compared to the baseline
condition (P < 0.005). The time deviation for the METH-
paired chambers following the second conditioning session
was signiﬁcantly reduced to a negative value below baseline
(P < 0.005), however, there were no signiﬁcant differences
between METH-paired and Ringer’s-paired groups on time
deviation from the baseline condition (P = 0.67). To our
surprise, 24 h following conditioning, METH rats, but not
Ringer’s rats, spent a signiﬁcantly greater amount of time
in METH-paired chambers compared to both the Ringer’s
group (P < 0.05) and the baseline condition (P < 0.05)
(Fig. 4B–D). In addition, METH groups spent a signiﬁcantly
moretimeinMETH-pairedchamberscomparedtoRinger’s-
paired chambers (P < 0.01).
In rats previously trained with intra-VTA-METH
followed by intra-VHC METH, intra-NAc-METH also
produced an augmented positive place
reinforcement learning 24 h following conditioning
The NAc is highly implicated in the expression (or main-
tenance phase) of addictive behaviors associated with
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Figure 4. The bottom-up pathway of the hippocampus-VTA loop mediates positive place reinforcement learning following conditioning the VHC. (A
and B) Total amount of time spent (30 min/session/day); (A) in the Ringer’s-paired, and (B) in the METH-paired chambers following conditioning with
either Ringer’s (gray bars) or METH (white dotted bars). (C and D) Time deviation from baseline preference: (C) in the Ringer’s-paired chambers, and
(D) in the METH-paired chambers. Abbreviations: CS+, conditioned stimulus present; US+, unconditioned stimulus present; US−, the unconditioned
stimulus, METH, absent. Hatched vertical line separates treatment days (US+,C S +) from no treatment days (US−,C S +). Data are shown as ± SEM,
*P < 0.05.
substances of abuse including METH (Rodriguez et al.
2008). Thus, to see the effect on the maintenance of IC-
METH-CPPlearning,wecontinuedtheexperimentbyﬁnally
conditioning the NAc. Therefore, the same rats from “In
rats previously trained with intra-VTA-METH CPP, intra-
VHC-METHproducedpositiveplacereinforcementlearning
24 h following conditioning” were conditioned and tested
with either METH or Ringer’s intra-NAc, for the ﬁrst time
(Fig. 1B). There was a statistically signiﬁcant interaction be-
tween treatments (Base [n = 11], Ringer’s [n = 9], METH
[n = 10]) and Test (test 7, test 8, test 9) (F [6, 43] =
2.75; P < 0.05). METH rats spent signiﬁcantly more time in
METH-pairedchamberscomparedtoRinger’s-pairedcham-
bers (P < 0.001). Moreover, compared to the Ringer’s group
and the baseline, the METH group showed a signiﬁcant
increase in time deviation toward METH-paired chambers
24 h following conditioning (P < 0.001) (Fig. 5 B–D). As ex-
pected, the observation following conditioning the NAc was
robust.
The top-down pathway of the
hippocampus-VTA loop down regulates place
reinforcement learning
In the top-down order of conditioning (the VHC ﬁrst, fol-
lowedbytheVTA,andﬁnallytheNAc),thehippocampusgets
METHtreatmentearlierthantheVTA(experimentaldesign;
compareFig.1Band1C).Here,thehypothesisisthatdisrup-
tion in the order of conditioning of the hippocampus-VTA
loop would also disrupt METH-induced IC-CPP learning.
Consequently, we investigated the role of the hippocampus-
VTA top-down pathway in IC-METH-CPP learning. More-
over,asbriefedintheIntroductionsection,onelikelycellular
mechanismbywhichpsychostimulantsaffectlong-termplas-
ticityisbyinvolvingNMDAreceptors.Hence,weinaddition
addressed the role of NMDA receptors on METH-induced
CPP learning by combining METH with the NMDA recep-
tor noncompetitive antagonist MK801. The long-term effect
of METH-induced CPP was also addressed by testing CPP
1 week following conditioning each brain area of interest
(Fig. 1C). Therefore, the next three successive experiments
(“Intra-VHC-METH diminished place reinforcement learn-
ingwhichwasreversedbyNMDAreceptorblockade,”“Inrats
that were previously conditioned with intra-VHC-METH,
intra-VTAMETH produced place aversion which was re-
versed by NMDA receptor blockade,” and “In rats that were
previously conditioned with intra-VHC followed by Intra-
VTA-METH,intra-NAc-METHfurtherproducedplaceaver-
sion which was reversed by NMDA receptor blockade.”) as-
sessed if conditioning the circuit in the order of VHC ﬁrst
followed by VTA and ﬁnally NAc produces CPP learning or
not.
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Figure 5. The bottom-up pathway of the hippocampus-VTA loop mediates positive place reinforcement learning following conditioning the NAc.
(A and B) The total amount of time spent (30 min/session/day) (A) in the Ringer’s-paired, and (B) in the METH-paired chambers following conditioning
with either Ringer’s (gray bars) or METH (white dotted bars). (C and D) The time deviation from baseline preference: (C) in the Ringer’s-paired
chambers, and (D) in the METH-paired chambers. Abbreviations: CS+, conditioned stimulus present; US+, unconditioned stimulus present; US−,t h e
unconditioned stimulus, METH, absent. Hatched vertical line separates treatment days (US+,C S +) from no treatment days (US−,C S +). Data are
shown as ± SEM, *P < 0.001.
Intra-VHC-METH diminished place reinforcement
learning which was reversed by NMDA receptor
blockade
Based on criteria described in “Behavioral Assay”, these rats
(new batch of rats) satisﬁed the requirement for baseline
place preference (Fig. 6A). The rats underwent intra-VHC
conditioning against their initial place preference followed
by immediate IC-CPP testing (30 min/session/day), while
thecontrols(Ringer’sgroup,n =6)wereconditionedwithin
theirpreferredchambers.Aftertwoconsecutivedaysoftreat-
ment (test 1 and test 2), no signiﬁcant interaction between
treatments was detected (F [5, 22] = 0.43, P > 0.05),
however 24 h following conditioning, the METH+MK801
group (n = 5), but not the Ringer’s (n = 6) and or the
METH-treated groups (n = 5), showed positive CPP to-
ward the drug-paired chambers (P < 0.001). In addition,
METH+MK801ratsshowedastatisticallygreaterincreasein
time deviation toward the drug-paired chambers compared
to the controls (P < 0.001). One week following condition-
ing, only the previously METH-treated rats showed positive
bias toward Ringer’s-paired chambers compared to both the
METH+MK801 groups (P < 0.001) and the Ringer’s groups
(P < 0.05) (Fig. 6D and 6E). Our observation over-
all indicated that blocking the NMDA receptors reversed
the diminished place learning following intra-VHC-METH.
This attenuation in place learning could therefore be an
NMDA receptor activation-mediated process. The obser-
vation could also be METH-induced place aversion. Al-
ternatively, because the initial place preference was nega-
tive relative to the positively conditioned side of the ap-
paratus, the ﬁnding could be a block of CPP and that
the data may reﬂect a block of learning rather than an
aversion.
In rats that were previously conditioned with
intra-VHC-METH, intra-VTA-METH produced place
aversion which was reversed by NMDA receptor
blockade
After we completed conditioning the VHC, we continued
conditioning the same rats from “Intra-VHC-METH di-
minished place reinforcement learning which was reversed
by NMDA receptor blockade”, this time by applying METH
intra-VTA (Fig. 1C). Twenty-four hours postintra-VTA con-
ditioning, the METH-treated rats, but not the other two
groups,showedincreasedtimedeviationtowardtheRinger’s-
paired chambers (potentially aversion), (P < 0.05), whereas
METH+MK801group,butnottheothertwogroups,showed
a signiﬁcant place preference toward drug-paired chambers
(P < 0.05) a week following conditioning. Moreover, com-
pared to METH+MK801 groups, the METH-treated rats
showed signiﬁcantly decreased time deviations away from
the METH-paired chambers (P < 0.01) (Fig. 7A–D). The
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Figure 6. The top-down pathway of the hippocampus-VTA loop attenuates place preference learning following conditioning the VHC, which was
reversed by inhibiting NMDA receptors using MK801. (A) Baseline place preference as deﬁned by the amount of time per session prior to the
commencement of IC-CPP testing. The rats were allowed to freely access the entire CPP runway to establish the baseline following habituation.
After four consecutive days the rats showed an increasing trend of preference toward the black chambers (preferred) but a declining trend for the
white chambers (nonpreferred). (B and C) The total amount of time spent (30 min/session/day); (B) in the Ringer’s-paired, and (C) in the drug-paired
chambers following conditioning with either Ringer’s (gray bars), METH (white dotted bars), or METH+MK801 (black dotted bars). (D and E) The
time deviation from baseline preference: (D) in the Ringer’s-paired chambers, and (E) in the drug-paired chambers. Abbreviations: CS+, conditioned
stimulus present; US+, unconditioned stimulus present; US−, the unconditioned stimulus, METH, absent. Hatched vertical line separates treatment
days (US+,C S +) from no treatment days (US−,C S +). Data are shown as ± SEM, *P < 0.05.
combinationgroup(METH+MK801)preferreddrug-paired
chambers compared to the other two groups suggests that
the METH induced place aversion that is potentially due to
t h ea c t i v a t i o no fN M D Ar e c e p t o r s .O v e r a l l ,u n l i k et h ee f -
fect of METH on the induction of positive CPP that we ob-
served following conditioning the bottom-up pathway of the
hippocampus-VTA loop, METH in the top-down order of
conditioning had place aversion effects even postcondition-
ing the VTA (Fig. 7C and 7D).
In rats that were previously conditioned with
intra-VHC followed by intra-VTA-METH,
intra-NAc-METH further produced place aversion
which was reversed by NMDA receptor blockade.
The next two consecutive days, day 21 and day 22, we
continued conditioning the same rats from “In rats that
were previously conditioned with intra-VHC-METH, intra-
VTAMETH produced place aversion which was reversed by
NMDA receptor blockade,” this time by applying METH
intra-NAc (Fig. 1C). The data showed that compared to the
baseline, METH group rats had statistically signiﬁcant place
aversion on test 9 (P < 0.05) and on test 10 (P < 0.05). As
speculated and unlike the observation from postcondition-
ing the NAc in the bottom-up order, intra-NAc-METH in
the top-down order maintained place aversion while MK801
antagonizedtheseeffects(Fig.8A–D).Surprisingly,thisplace
aversion was expressed only when the drug is present in
the brain (US+,C S +). In the absence of the US (US−),
all the three groups came back to the baseline place pref-
erence, because there was no statistical differences between
groups 24 h following conditioning (test 11, P > 0.05) and
a week (test 12, P > 0.05). The major observation follow-
ing conditioning the descending pathway (top-down) of the
hippocampus-VTAloopisthatconditioningtheVHCearlier
than the VTA produced aversive behaviors or at least atten-
uated the positive CPP induction properties of METH that
we observed following conditioning the ascending pathway
(bottom-up). Counter intuitively, the aversion response was
more pronounced following conditioning the VTA and the
NAc; however, this aversion response could be rescued by
the blockade of NMDA receptors using the noncompetitive
antagonist MK801.
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Figure 7. The top-down pathway of the hippocampus-VTA loop mediates place aversion following conditioning the VTA, which was reversed by
inhibiting NMDA receptors using MK801. (A and B) the total amount of time (30 min/session/day) spent, (A) in the Ringer’s-paired and, (B) in the
drug-paired chamber following conditioning rats with either Ringer’s (gray bars), METH (white dotted bars), or METH+MK801 (dark dotted bars).
(C and D) The time deviation from the baseline preference: (C) in the Ringer’s-paired chambers, and (D) in the drug-paired chambers. Abbreviations:
CS+, conditioned stimulus present; US+, unconditioned stimulus present; US−, the unconditioned stimulus, METH, absent. Hatched vertical line
separates treatment days (US+,C S +) from no treatment days (US−,C S +). Data are shown as ± SEM, *P < 0.05.
Figure 8. The top-down pathway of the hippocampus-VTA loop mediates place aversion following conditioning the NAc, which was reversed by
inhibiting NMDA receptors using MK801. (A and B) total amount of time (30 min/session/day) spent, (A) in the Ringer’s-paired, and (B) in the drug-
paired chambers following conditioning with either Ringer’s (gray bars), METH (white dotted bars), or METH+ MK801 (dark dotted bars). (C and D)
time deviation from baseline preference: (C) in the Ringer’s-paired chambers, and (D) in the drug-paired chambers. Abbreviations: CS+, conditioned
stimulus present; US+, unconditioned stimulus present; US−, the unconditioned stimulus, METH, absent. Hatched vertical line separates treatment
days (US+,C S +) from no treatment days (US−,C S +). Data are shown as ± SEM, *P < 0.05.
Discussion
Cellular and electrophysiological
mechanisms underlying place reinforcement
learning within the hippocampus-VTA loop
The role of the NAc and mPFC in reward and motivation
processinghasbeensupportedwithpharmacological,molec-
ular, and electrophysiological lines of evidence. For instance,
drugs of abuse (Ventura et al. 2001) and natural rewards
(Gold et al. 1989) increase extracellular levels of DA in NAc.
Rats self administer amphetamine into the NAc (Gilliss et al.
2002). In addition, electrophysiological investigations show
that decreases in NAc GABAergic medium spiny neurons
are implicated with reward-related behavioral responses. For
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Figure 9. Hypothetical signiﬁcance of the Hippocampus-VTA loop on place reinforcement learning: diagrammatic representation of neural pathways
and neurotransmitters/modulators that potentially mediate the reinforcing properties of psychostimulants in the Hippocampus-VTA bottom-up and
top-down connections (modiﬁed from [Floresco et al. 2001]).
instance,inhibitionofNAcneuronsalsoinhibitsdownstream
brain structures and produce signals for the hedonic proper-
ties of several drugs of abuse (Peoples and West 1996). The
removaloftonicinhibitionofaccumbalmedianspinyneurons
(MSN) increases the number of spontaneously active VTA
DAneuronswhenNMDAreceptorsoftheventralsubiculum
are activated (Floresco et al. 2001). The augmented positive
placereinforcingeffectsofMETHthatweobservedfollowing
conditioning the bottom-up pathway of the hippocampus-
VT Aloo pinthecurr e ntstud yc ouldh ypotheticall ybed uet o
inhibitionofbaselineﬁringrateofGABAergicMSNneurons
of the NAc. Consistent with this hypothesis, our preliminary
data in addition showed that subjects that were treated with
METH and MK801(METH+MK801) showeda trend of en-
hanced CPP learning (data not shown, n = 3). Therefore,
unleashing inhibitory GABA tone of the NAc that routes to
the VTA could in addition enhance the population activity
of spontaneously active VTA DA neurons to report the de-
livery or arrival of a reward or any other environmental cues
previously paired with the rewarding drug (Berridge et al.
1989).
Decades of investigations on the behavior of midbrain DA
neurons by Schultz and colleagues (Schultz W. 1998) assert
that increases in the baseline ﬁring rate of midbrain DA neu-
rons are highly correlated with reward-related behaviors. If
the DA hypothesis of reinforcement learning remains intact,
we would have expected that blocking excitatory output of
the VHC should have increased the ﬁring rate of MSN neu-
rons of the NAc, diminished the baseline ﬁring rate of VTA
DAneurons,andpresumablyreducedmotivationalbehavior.
However, unlike the expected behavioral outcome, rats that
were treated with the combination of METH and MK801
spent more time in drug-paired chambers (enhanced mo-
tivation) as opposed to METH alone group, which implies
that drug-seeking behavior can be potentially achieved by
attenuating the baseline ﬁring rate of VTA DA neurons. Al-
ternatively, the observed ﬁnding could be MK801-mediated
phenomenonratherthanDAperse(Brownetal.2008;Itzhak
2008). Furthermore, the enhanced positive CPP learning in
rats that were treated with the combination of METH and
MK801couldalsobeduetoanincreaseinﬁringrateofMSN
neurons of the NAc because of the attenuation of NMDA-
mediated excitation followed by a decrease in VTA DA ﬁr-
ing rate, which probably may increase the spontaneously ac-
tive VTA DA neurons without increasing the baseline ﬁring
rate. In other words, the strengthening of accumbo-palidal
inhibitory tone and attenuation of excitatory hippocampal
GLUergic surge may result in the reduction of the ﬁring rate
ofVTADAneuronsandtherebyhelprecruitmoreofsponta-
neouslyactiveVTADAneurons.Therefore,itishypothesized
thatincreasesinthenumberofspontaneouslyactiveVTADA
neurons may subserve as a neural correlate of positive rein-
forcement learning (Fig. 9).
Hebbian-type plasticity is involved during
methamphetamine induced CPP
We report for the ﬁrst time that METH applied into the
VTA of the midbrain using a reverse microdialysis technique
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induces positive CPP. We also for the ﬁrst time showed that
the place reinforcement induction capacity of METH is de-
pendent on the hippocampal-VTA loop. We observed that
conditioning the bottom-up pathway of this loop, in the or-
derofVTAﬁrst,followedbyVHC,andﬁnallyNAc,produced
positive place preference learning irrespective of where in the
aforementioned three brain nuclei to which the drug was
applied (Figs. 3, 4, and 5). In contrast, conditioning the top-
down pathway of this loop, which involves earlier activation
of the VHC using METH in the order of VHC, followed by
VTA, and ﬁnally NAc, attenuated METH-induced positive
C P Pa n dt h e r e b yp r o d u c e dap l a c ea v e r s i o n( F i g s .6 ,7 ,a n d
8 ) .T h ea v e r s i v ee f f e c t so fM E T Hi nt h et o p - d o w no r d e ro f
conditioning were attenuated by coadministration of METH
withtheNMDAreceptornoncompetitiveantagonistMK801
(in 1:1 ratio). This observation overall implies that there ex-
istsaHebbian-typesynapticplasticityinwhichearlieractiva-
tion of either of the two pathways in the hippocampus-VTA
loopdominatesandhencegraduallyproducesanall-or-none
plasticity; a plasticity of either positive place reinforcement
learning (the bottom-up pathway) or plasticity of place aver-
sion (the top-down pathway).
There might be a dorsoventral distinction of
the hippocampal formation with respect to
reinforcement learning
Our laboratory previously reported that amphetamine
reverse-dialyzed intra-NAc produced positive CPP (Ro-
driguez 2008). In addition, using intrahippocampal METH
self administration and intrahippocampal METH CPP be-
havioralparadigms,ourlaboratoryreportedthatMETHmi-
crodialyzed into the dorsal hippocampus-induced positive
reinforcement learning. Ricoy and Martinez, 2009 (Ricoy
and Martinez 2009) further reported that the positive re-
inforcementcapacitiesofMETHtreatmentwithinthedorsal
hippocampus was a D1-like receptor-mediated process be-
causetheD1receptorantagonistSchering,SCH23390,coad-
ministeredwithMETHattenuatedthereinforcingefﬁcacyof
METH (Ricoy and Martinez 2009). However, other research
shows that there is a dorsoventral functional segregation of
the hippocampal structure in which the dorsal portion per-
forms primarily motor-related cognitive functions, whereas
theventralportionmediatesaffectivebehaviorsandemotions
(Fanselow and Dong 0000). Unlike the case for dorsal hip-
pocampus, our current ﬁndings following conditioning the
hippocampus-VTA loop was an “if... then...” condition.
If the midbrain DA system (VTA) were chemically stimu-
lated, in this case with METH, earlier than the VHC, then
METH produces positive place reinforcement effect regard-
less of where in these three regions it is ﬁrst applied. By
contrast, if the VHC were chemicallystimulated with METH
earlier than the VTA, then METH produces place aversion
learning; or it fails to produce positive place reinforcement
even following the application of the drug into the other
two regions (VTA and NAc). This observation led us to the
hypothesis that the ascending pathway in the hippocampus-
VTAloopmediatespositivereinforcementlearningwhilethe
descending pathway mediates aversion related to the expo-
sure of psychostimulants such as METH. Needless to say,
dose response effect of METH applied into each nucleus of
the hippocampus-VTA loop is worth investigating perhaps
byoperantconditioningbehavioraltechniquessuchasintra-
venous or intracranial drug self administration.
Concluding Remark
In summary, compared to the top-down order of condition-
ing, the bottom-up order of conditioning the hippocampus-
VTA loop produced METH-mediated place reinforcement
learning. The top-down order of conditioning attenuated
place learning or produced place aversion. Blocking the
NMDA receptors reversed this effect, which is interesting
in light with the electrophysiological ﬁndings by Lisman and
Grace(LismanandGrace2005).Becauseaddictionisalearn-
ing process, we propose that disruption of the learning cir-
cuitryalsodisruptslearning.Weassumethatinterferingwith
the natural ﬂow of neural information during the process of
novel stimulus entry to the CNS results in aberrant learning.
Thus, the reinforcing properties of psychostimulants includ-
ing METH can be attenuated when one begins stimulating
from the top-down pathway, which is anatomically located
downstream of the comparator region of the hippocampus-
VTA loop (Lisman and Grace 2005).
Addiction is a very complicated psychological disease that
becomes more and more complicated as time progresses. We
believe that research on addiction should try to address this
disease at its earliest phase (acquisition) rather than trying
to ﬁnd the solution at its full blown (expression) phase. On
the basis of our current ﬁndings, we suggest that future in-
vestigationsshouldfocusonneuralandbehavioralcorrelates
of the hippocampus-VTA loop with due emphasis given on
the acquisition phase of reinforcement learning. The ﬁnd-
ingsfromsuchresearchprojectswouldhelpusdevelopsome
target-speciﬁc (e.g., receptor or receptor subunit speciﬁc)
therapeutics for addiction-related health problems and any
other psychological disorders that emanate as a result of ex-
posing the brain to psychoactive drugs.
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